► Tumour-infiltrating immune cells have impact on patient prognosis and efficacy of immunotherapy in colorectal cancer (CRC). ► The prognostic value of TP53 mutations is debated. ► Accumulating evidence suggests context-dependent effects of TP53 mutations, including a potential role in tumour immune responses. ► The gene expression-based consensus molecular subtypes (CMSs) of CRC have demonstrated value as a framework for discovery of subtype-specific impact of clinically relevant biomarkers.
What does this study add?
► The transcriptional effects of TP53 mutations varied among the CMSs, and the most distinct associations were increased cell cycle progression in CMS4 and downregulation of T cell activity in CMS1. ► The CMS1-specific immunomodulatory association with TP53 mutations was of greatest magnitude in microsatellite stable (MSS) tumours, identified by transcriptome signature and validated by immunohistochemistry-based quantification of CD8+ T cells. ► A CMS1-MSS-specific association between TP53 mutations and metastatic propensity and poor prognosis was found.
How might this impact on clinical practice?
► TP53 mutations may have negative prognostic value in CMS1 MSS tumours, possibly mediated by a subtype-specific effect on tumour immune cell infiltration. ► The results suggest that wild-type TP53 may be a positive predictive marker for response to immune checkpoint blockade in CMS1 MSS tumours, while TP53 mutations identify a non-immunogenic subgroup of CMS1 MSS tumours requiring immune-stimulatory adjuvants to maximise the therapeutic benefit of immune therapy. Smeby Conclusions Integration of TP53 mutation status with the CMS framework in primary CRC suggested subtype-dependent immunobiological associations with prognostic and potentially immunotherapeutic implications, warranting independent validation.
IntRoduCtIon
The tumour suppressor gene TP53 has long been known to be a central player in colorectal carcinogenesis 1 2 and is among the most frequently mutated genes, both in colorectal cancer (CRC) and across tumour types. 3 4 In some studies, TP53 mutated CRCs have been shown to be associated with inferior prognosis and resistance to chemotherapy and radiotherapy. [5] [6] [7] Furthermore, differential predictive and prognostic impacts of different TP53 mutation types have been suggested. 7 8 However, the current evidence for its prognostic and predictive values is not strong enough to justify implementation of TP53 mutation analysis in clinical practice.
An increasing body of evidence shows that TP53 function and mutational consequences are dependent on cell type, differentiation state and environmental signals. 9 Cell cycle arrest and apoptosis are the best understood downstream effects of TP53 activity 9 ; however, accumulating evidence suggests that TP53 contributes in the regulation of numerous cellular processes, including tumour immune responses. 10 11 Microsatellite instability (MSI) defines a subtype of CRCs with strong anticancer immune responses, caused by a large number of frameshift mutations and corresponding expression of neoantigens, 12 13 explaining both the superior prognosis in early-stage CRC 14 15 and the great efficacy of immunotherapy in the metastatic setting. 16 Furthermore, classification of CRCs according to the four gene expression-based consensus molecular subtypes (CMSs) also identifies a group of particularly immunogenic tumours, CMS1-immune, which comprises the majority of MSI CRCs and a small group of microsatellite stable (MSS) tumours. 17 While TP53 mutations are most common in MSS 3 and in the CMS2-epithelial/canonical subtype, 17 the potentially differential biological effects and clinical relevance of the mutations among molecular subtypes of CRC are unknown. Recent studies have demonstrated the value of CMS as a framework for discovery of novel drug associations, 18 as well as immunobiological and prognostic impacts of mutations in cancer-critical genes. 19 20 This encouraged us to conduct an exploratory subtype-specific analysis also of TP53 in a population-based series of primary CRCs.
MateRIals and MetHods
Patient material and sample preparation A total of 401 primary tumour samples from a consecutive series of patients operated for CRC stages I-IV at Oslo University Hospital, Norway, between 2005 and 2014 were analysed. All samples were rapidly frozen in liquid nitrogen and stored at −80°C until further processing. DNA extraction was performed as previously described. 21 22 Comprehensive clinical and pathological data were prospectively registered for all patients. To increase the statistical power of the prognostic analyses, publicly available data from a French multicentre cohort of stage I-IV colon cancers 23 MsI status and TP53 mutation analysis MSI analysis was performed as previously described.
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TP53 mutation status was assessed in all 401 samples by sequencing the entire coding region (exons 2-11), as well as the first ten and last 10 nucleotides of each intron. Sequencing was done by Sanger sequencing technology using BigDye Terminator V.1.1 Cycle Sequencing Kit (Applied Biosystems) according to the manufacturer's procedure. The samples were run on the 3730 DNA Analyzer (Applied Biosystems). All electropherograms were scored manually and independently by two of the authors, assisted by the SeqScape V.2.5 and Sequencing Analysis V.5.3.1 software (both Applied Biosystems). All mutations were resequenced for validation. Splice mutations were defined as any mutation affecting any of the first or the last 10 nucleotides of an intron, based on the finding that intron mutations outside the invariant AG and GT dinucleotides in the consensus splice acceptor and splice donor site, respectively, may lead to mis-splicing. 24 Tumours harbouring only synonymous mutations were classified as TP53 wild type (wt) in survival analysis. Mutation analyses had previously been performed for KRAS (exon 2: codons 12 and 13) 14 and BRAF (codon 600) 25 in all 401 samples. KRAS exon 3 codon 61 was analysed in a subset of samples (n=127).
Microarray gene expression analysis, CMs
All samples have previously been analysed for gene expression using Affymetrix GeneChip Human Exon V.1.0 ST Array (n=199) 21 26 and can be accessed from GEO (GSE24550, GSE29638, GSE69182 and GSE79959) or Human Transcriptome Array V.2.0 (n=202) (GSE79959 27 and GSE9652
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). The samples were classified according to CMS using the random forest classifier developed by Guinney et al. 17 Confident CMS classification was obtained in 79% (n=316) of the tumours using default settings. 18 The hallmark gene sets from the Molecular Signatures Database V.5.2 28 were analysed with the camera package 29 to assess biological consequences of TP53 mutations within the individual CMS subgroups. The levels of infiltrating immune and stromal cell populations in tumours *Percentage refers to the fraction of patients with available data on chemotherapy (n=17 among patients with stage IV disease). †Percentages refer to the fraction of patients with conclusive status of the relevant molecular marker. CMS, consensus molecular subtype; MSI, microsatellite instability; MSS, microsatellite stable; mut, mutation; wt, wild type.
were estimated using the R package Microenvironment Cell Population (MCP)-counter V.1.1 30 on gene expression data. The resulting estimates were compared according to TP53 mutation status and CMS classification using independent samples t-tests and Bonferroni correction to account for multiple hypothesis testing.
Multiplex immunohistochemistry
For validation of immune cell infiltration estimated by gene expression, the majority of the tumours (n=294, 73%) were analysed by immunohistochemistry on tissue microarrays with a core diameter of 1.0 mm per sample. The arrays were constructed using the Minicore threetissue arrayer from Mitogen. Multiplexed immunohistochemical staining of CD3, CD8 and CD56, together with epithelial and nuclear segmentation markers, was performed on 4 µm thick tissue sections following the Opal protocol (PerkinElmer), using a four-plex kit (NEL810001KT, PerkinElmer), together with Opal 620 reagent (FP1495001KT, PerkinElmer). The Opal protocol was followed except that slide deparaffination, antigen retrieval and antibody stripping were all performed using DAKO buffers (three-in-one, catalogue # K800521-2 and K800421-2) in the PT-link module (DAKO).
The five-plex staining was performed in the following order: anti-CD56 (1:400, Clone MRQ-42; Cell Marque) stained with Opal 620, anti-CD8 (1:800, Clone C8/144B; DAKO) stained with Opal 520, anti-CD3 (1:300, Clone F7.2.38; DAKO) stained with Opal 570, a cocktail of antibodies consisting of anti-E-cadherin (1:20.000, Clone 36; BD Biosciences), anti-pan Cytokeratin (1:4000, C-11; Abcam) and anti-pan Cytokeratin Type I/II (1:2000, AE1/AE3; Thermo Fisher) stained with Opal 690. All primary antibody solutions were incubated for 30 min at room temperature. Nuclei were stained with DAPI prior to mounting in Prolong Diamond Antifade Mountant (Thermo Fisher). The slides were multispectrally imaged using the Vectra Imaging platform V.3.0.4 (PerkinElmer) at ×20 magnification. Images were spectrally unmixed in Inform V.2.3.0 (PerkinElmer) using spectra derived from single-plex images of samples stained with each fluorophore individually, and tissue autofluorescence was removed by using a spectrum derived from unstained tissue but otherwise similarly treated. A training algorithm built in the same software was used to classify the tissue into epithelial and stromal regions based on the corresponding markers, and finally individual cells were segmented based on the DAPI signal. Areas with necrotic tissue or any technical artefacts were excluded from subsequent analyses.
The raw data file containing data on each individual cell in the entire cohort was analysed using R V.3.3.1, and cell positivity thresholds for each marker were determined based on evaluation of the expression distribution across all cells, as well as by careful manual inspection of images in Inform to evaluate the signal-to-noise level across individual samples. To assess how sensitive the analysis was to the threshold selected, we tested a high threshold and a low threshold for each marker, one above and one below what we determined manually. Cell positivity fractions based on the two thresholds were calculated by summing up the number of positive cells for 31 with date of surgery as starting point for both endpoints. Survival curves were generated using the Kaplan-Meier method, and differences between curves were assessed with the log-rank test. The Cox proportional hazards model was used for univariable and multivariable analyses to assess the independence of prognostic factors. All statistical tests were two-tailed and results with p<0.05 were considered significant.
Results distinct transcriptional associations of TP53 mutations among the CMss TP53 mutations were detected in 60.1% (n=241) of the 401 cases in the Oslo series. Consistent with the original CMS publication, 17 the TP53 mutation rate varied across the CMS groups (p<0.001, Fisher's exact test; figure 1A , online supplementary table S1A) and was highest in CMS2 (79%) and CMS4 (65%). CMS1 had the lowest mutation rate (29%), in accordance with the enrichment of MSI in this subtype. When analysing MSS tumours only, the mutation rate in CMS1 increased to 63%, while remaining similar in the three other subtypes (online supplementary table S1B). To investigate CMS-dependent phenotypical effects of TP53 mutations, gene set enrichment analysis of the 50 ''hallmark gene sets', which represent various biological states and processes, 28 was performed comparing TP53 wt and mutated tumours within each CMS group. This indicated that TP53 mutations had the most distinct effects in CMS1 and CMS4, and were associated with significant dysregulation of 20 (40%) and 24 (48%) of the gene sets, respectively, compared with 7 (14%) in CMS3 and none in CMS2 (online supplementary table S2). Comparing CMS1 and CMS4, most (16) of the differentially expressed gene sets overlapped between the two subtypes. However, in 50% of these, TP53 mutations were associated with dysregulation in the opposite direction in the two subtypes, indicating subgroup-specific transcriptomic consequences. This included upregulation of gene sets reflecting cell cycle progression (eg, E2F_TARGETS, G2M_CHECKPOINT and MYC_TARGETS_V1) in TP53 mutated tumours in CMS4 and downregulation in CMS1 (figure 1B, online supplementary table S2). Intriguingly, gene sets reflecting T cell activity (ie, ALLOGRAFT_ REJECTION and INTERFERON_GAMMA/ALPHA_ RESPONSE) were the most significantly downregulated gene sets in TP53 mutated tumours in CMS1. Indications of immunomodulatory effects of TP53 mutations could also be seen in CMS3 and CMS4, but of weaker statistical significance than in CMS1 ( figure 1C ).
CMs-dependent association between TP53 mutation status and immune cell infiltration
To scrutinise the potential immunomodulatory effect of TP53 mutations according to CMS in the Oslo series, we quantified the abundances of infiltrating immune and stromal cell populations in the tumours using the gene expression-based MCP-counter algorithm. 30 Several cell populations of the innate and adaptive immune systems, including T cells and cytotoxic lymphocytes, were significantly depleted in TP53 mutated compared with wt tumours in CMS1. In contrast, no significant association between TP53 mutations and any kind of immune or stromal cell infiltration was seen in any of the other CMS groups (table 2 and figure 2A) .
This CMS1-specific role of TP53 mutations was of the greatest magnitude and was statistically significant only among MSS tumours, while a similar non-significant trend was seen in MSI tumours (online supplementary figure S1 ). Performing the same analysis according to MSI status, but irrespective of CMS classification, did not reveal any clear differences in T cell infiltration (online supplementary table S3), suggesting that the immunomodulatory associations of TP53 mutations were more dependent on the transcriptomic subtypes than the mutator phenotype. Quantification of immune cell infiltration by multiplex immunohistochemistry validated the CMS-dependent immunomodulatory associations; TP53 mutated CMS1 tumours exhibited significantly fewer CD8+ T cells than its wt counterpart, while no similar trends were seen in any other CMS group (figure 2B-C and online supplementary table S4). However, we were not able to validate the CMS-dependent correlation between immune infiltration and TP53 mutation status in the gene expression data from the French multicentre cohort. TP53 mutations have CMs-dependent prognostic impact in correspondence with the immunomodulatory association Further, we investigated whether the CMS-dependent correlation between TP53 mutations and immune profiles seen in the in-house series corresponded with patient prognosis. To increase the statistical power of subgroup analyses, public data from the French multicentre cohort 23 were added, giving a total of 635 patients with confident CMS classification and TP53 mutation status. TP53 mutations were clearly associated with inferior OS in CMS1 (HR 2.38 (95% CI 1.16-4.87), p=0.018; figure 3A) , whereas no significant prognostic effect was seen in any of the other subtypes. CMS1-specific correlation between TP53 mutations and poor prognosis was also seen in each patient series independently, although non-significant (online supplementary figure S2 figure S3 ). Splitting the survival analysis into stage I-IV disease showed that the negative prognostic effect in CMS1 MSS was mainly explained by an enrichment of stage IV disease among TP53 mutated tumours in this subgroup (p=0.009, online supplementary figure S4 and table S5). Notably, an association between TP53 mutations and metastatic disease was not found in the other molecular subgroups (online supplementary table S5).
dIsCussIon In our population-based series of primary CRCs, TP53 mutations have subtype-dependent associations with metastatic propensity and patient prognosis, potentially mediated by a CMS1-specific immunomodulatory effect. Accumulating experimental and clinical data have demonstrated that TP53 dysfunction skews the tumour microenvironment towards a state of chronic inflammation, characterised by infiltration of immune-suppressing and tumour-promoting cells, such as regulatory T cells and myeloid-derived suppressor cells, in disfavour of cytotoxic T cells. 11 Further, TP53 has been shown to be involved in an immune-stimulating positive feedback loop with interferon signalling, which can be activated by both viral infection and oncogenic stress. 10 32 Our results may suggest that the loss of this TP53-dependent function in CRC is most pronounced in CMS1, where an association with metastatic disease and poor survival is seen. The positive prognostic impact of T cell infiltration in CRC is well established, 33 34 and CMS1 tumours have gene expression profiles characterised by immune infiltration, primarily of T H 1 and cytotoxic T cells. 17 We therefore propose that a TP53 mutant-mediated transformation towards an immunosuppressive milieu could be of particular importance in CMS1, whose good prognosis in early-stage CRC is dependent on the presence of active, cytotoxic T cells. This highlights the relevance of investigating biomarkers within biologically homogeneous subgroups and conforms to comprehensive preclinical and clinical data showing that both wt TP53 activity and the consequences of TP53 mutations are highly dependent on the cellular and microenvironmental contexts. 9 Recent studies have revealed associations between increased WNT 35 and TGFβ signalling 36 and immune evasion in CRC, and our results may suggest that additional canonical pathways in colorectal carcinogenesis have significant impact on tumour immune responses.
However, our findings must be interpreted with caution due to small sample sizes with increasing substratification. This is accentuated by the lack of biological validation in the French multicentre series. Yet, the inability to validate the CMS-dependent immunobiological associations of TP53 mutations using gene expression data may be due to technical limitations. The MCP-counter scores estimating the various cell population abundances are dependent on the gene expression platform used to produce the data, 30 potentially confounding comparison between the patient series. Immunohistochemical staining is still considered the gold standard for quantification of immune cell populations and was used to validate the subtype-dependent immunobiological gene expression patterns found in the in-house series. Moreover, despite major advances in gene expression-based classifications of CRC, the specific transcriptomic contribution from and the interaction between stromal and cancer cells is still uncertain and these analyses may be influenced by factors such as tumour purity. 37 The lack of external immunobiological validation could also partly be due to the lower TP53 mutation rate (53%) in the French cohort. The TP53 mutation rate of 60% in our in-house series is also higher than in previously published large materials 8 and databases 38 on CRC, with TP53 mutation rates of 42% and 43%, respectively. Similarly, the TP53 mutation rates were clearly higher across all CMS groups in our material compared with the results in Guinney et al. 17 These discrepancies can largely be explained by the coverage of all exons and intronic splice regions in our material, highlighting the importance of non-restricted sequencing when examining the biological and clinical consequences of TP53 mutations. Moreover, the molecular underpinnings of the subtype-dependent immunomodulatory associations of TP53 mutations remain to be elucidated. This highlights the exploratory nature of our study, warranting both validation in independent clinical cohorts and functional studies to provide a mechanistic explanation of our findings.
In addition to MSI, CMS1 is a potential positive predictive marker for response to immune checkpoint inhibition. Of potential relevance to stratified treatment, our findings may suggest that wt TP53 pinpoints the most highly immunogenic CMS1 MSS tumours. The results may also point to a subgroup of non-immunogenic, TP53 mutated CMS1 MSS tumours in need of immune-stimulatory adjuvants to maximise the potential therapeutic benefit of checkpoint inhibitors. One potential strategy for this subgroup would be to reactivate the TP53 pathway, which has been shown to induce immunogenic cell death in preclinical models, likely through activation of innate immunity. 39 This strategy is currently limited by the lack of TP53-reactivating drugs being approved for clinical use. However, pharmacological reactivators of mutant TP53, such as APR-246 have shown clinical efficacy 40 and are currently under further evaluation in clinical trials. Although the immunomodulatory properties of such TP53-targeting drugs are yet to be explored, the increasing evidence of an interaction between TP53 function and antitumour immunity warrants investigations of their combinatorial use with immune-stimulatory drugs.
In conclusion and in agreement with the importance of combined biomarker analysis for precision cancer medicine, this work suggests that integrated analysis of TP53 mutations in the CMS framework may identify a subgroup of CRCs in which TP53 has strong immunomodulatory associations. A potential clinical relevance was reinforced by a poor prognostic value of the mutations specifically in this CMS1-MSS subgroup, also encouraging analyses of TP53 mutation status as a predictive marker for immunotherapy in CMS1.
